The endoplasmic reticulum (ER) is the site of biogenesis of the isolation membrane (IM, autophagosome precursor) and forms extensive contacts with IMs during their expansion into double-membrane autophagosomes. Little is known about the molecular mechanism underlying the formation and/or maintenance of the ER/IM contact. The integral ER proteins VAPA and VAPB (VAPs) participate in establishing ER contacts with multiple membranes by interacting with different tethers. Here, we demonstrate that VAPs also modulate ER/IM contact formation. Depletion of VAPs impairs progression of IMs into autophagosomes. Upon autophagy induction, VAPs are recruited to autophagosome formation sites on the ER, a process mediated by their interactions with FIP200 and PI(3)P. VAPs directly interact with FIP200 and ULK1 through their conserved FFAT motifs and stabilize the ULK1/FIP200 complex at the autophagosome formation sites on the ER. The formation of ULK1 puncta is significantly reduced by VAPA/B depletion. VAPs also interact with WIPI2 and enhance the formation of the WIPI2/FIP200 ER/IM tethering complex. Depletion of VMP1, which increases the ER/IM contact, greatly elevates the interaction of VAPs with these autophagy proteins. The VAPB P56S mutation, which is associated with amyotrophic lateral sclerosis, reduces the ULK1/FIP200 interaction and impairs autophagy at an early step, similar to the effect seen in VAPA/B-depleted cells. Our study reveals that VAPs directly interact with multiple ATG proteins, thereby contributing to ER/IM contact formation for autophagosome biogenesis.
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In Brief
Zhao et al. demonstrate that the ERlocalized proteins VAPA and VAPB participate in ER/isolation membrane contact formation for autophagosome biogenesis. VAPA/B interact with FIP200 and ULK1 through their FFAT motifs to facilitate assembly of the autophagy initiation complex on the ER.
INTRODUCTION
The endoplasmic reticulum (ER) forms membrane contact sites (MCSs) with multiple organelles, including the plasma membrane (PM), mitochondria, Golgi, lipid droplets (LDs), and endosomes, at which two heterologous membranes are closely apposed (typically within 30 nm) but do not fuse [1] [2] [3] [4] [5] . Calcium and lipids are transferred between the ER and other membranes at MCSs [1] [2] [3] . Lipid transfer at MCSs is partly mediated by lipid transfer proteins [2, 4, 6] . For example, oxysterol-binding protein (OSBP) delivers cholesterol to the Golgi and counter-transfers PI(4)P to the ER at ER-Golgi contacts for its degradation by the ER-localized PI4 phosphatase Sac1 [7] . The ER also regulates aspects of organelle dynamics at the MCS, including fission, maturation, transport, and positioning [8] [9] [10] [11] .
Establishing an MCS involves the formation of a tethering complex that simultaneously binds to the two apposing membranes [2] [3] [4] . Deletion of tether proteins reduces the contacts between the two organelles and affects physiological processes occurring at the MCS [1] [2] [3] [4] . Two ER-resident tail-anchored VAP proteins (vesicle-associated membrane protein-associated proteins), VAPA and VAPB, are generally involved in forming ER contacts with other membranes by directly interacting with the FFAT motif (two phenylalanines in an acidic tract) in target tethering factors [2, 3, 6] . For example, VAPs interact with the late endosomal membrane-anchored proteins STARD3 and STARD3NL to tether the ER with endosomes [12] . VAPs also recruit FFAT motifcontaining lipid transfer proteins, which interact with other membranes by binding to phosphoinositides (PIPs), for MCS formation [3, 4, 7] . For example, VAPs interact with OSBP and ceramide transfer protein (CERT) to form ER/Golgi contacts [7, 13] . MCS formation can be mediated by multiple tethering complexes [2] [3] [4] 6] . Three protein families, tricalbins, VAPs, and Ist2, participate in ER/PM contact formation in yeast [14] . Different tethering complexes, formed under different stimuli, may confer distinct functions at MCSs between the same organelles. The contact mediated by the ER protein ORP5 with the late endosomal cholesterol transporter NPC1 facilitates transfer of cholesterol from the late endosome (LE) to the ER [15] , while the interaction of VAPs with ORP1L modulates LE positioning [16] .
Autophagy involves the engulfment of a portion of the cytosolic contents in a double-membrane autophagosome and its subsequent delivery to the lysosome for degradation [17] . Autophagosome formation involves the nucleation of a cup-shaped membrane sac, known as the isolation membrane (IM), and its further expansion and closure [17] . Nascent autophagosomes (legend continued on next page) undergo maturation processes by fusing with endosomes to form amphisomes, which then fuse with lysosomes to form degradative autolysosomes [18] . The ER plays an essential role during autophagosome biogenesis [19, 20] . In mammalian cells, PI(3)P-enriched subdomains of the ER, called omegasomes, act as platforms for recruiting ATG proteins to initiate IM formation [19] . Phosphatidylinositol-synthase-enriched ER subdomains, ER exit sites (ERESs), and ER-mitochondrion contact sites have also been suggested as IM initiation sites [20] [21] [22] . The ER forms extensive contacts with the IM during its progression into an autophagosome [23, 24] . The IM is sandwiched between closely apposed ER cisternae and is also connected with the associated ER by membrane extensions [23, 24] . When the IM matures into an autophagosome, it detaches from the ER [23, 24] . A recent study revealed that under low-cholesterol conditions, the amphisome-and autolysosome-localized protein ORP1L interacts with VAPA to form contacts that impair autophagosome maturation [25] .
The molecular mechanisms underlying establishment and maintenance of the ER/IM contact have not been fully characterized. Autophagosome formation requires multiple ATG and EPG proteins [17, 26] . Upon autophagy induction, the FIP200/ULK1 (Unc-51-like autophagy-activating kinase 1) Atg1 complex is recruited to the ER membrane [22, 27] . The ATG14/VPS34 PI(3)P kinase complex is then recruited to the FIP200/ULK1 puncta to generate PI(3)P-enriched omegasomes [27, 28] . Some ATG proteins, including those involved in lipidation of the ubiquitin-like protein ATG8, locate on IMs [17, 18] . The WD40 repeat-containing PI(3)P-binding protein WIPI2 interacts with ULK1/FIP200 and also with PI(3)P, contributing to the formation of the ER/IM contact for IM expansion [29] . The metazoan-specific ER transmembrane autophagy protein VMP1 controls the disassembly of ER/ IM contacts by regulating SERCA activity [26, 29] . The ER/IM contact is highly dynamic during autophagosome formation [23, 24] . Different tethering complexes may mediate the ER/IM contact at distinct steps of autophagosome formation.
Here, we show that the ER contact proteins VAPA/B directly interact with FIP200 and ULK1 at the IM initiation stage and stabilize the ULK1/FIP200 complex on the ER. VAPA/B also interact with WIPI2 to tether the ER/IM for IM expansion. Depletion of VAPA/B impairs autophagosome formation. Our results indicate that VAPA/B modulate autophagosome formation by participating in ER/IM contact formation.
RESULTS

Depletion of VAPA/B Inhibits Autophagy
The ER-localized proteins VAPA and VAPB are involved in formation of ER contacts with other membranes [2, 3] . We determined whether VAPs also participate in forming the ER/IM contact during autophagosome biogenesis. We examined the role of VAPs in autophagy by monitoring the conversion of LC3 and degradation of the autophagy substrate p62. During autophagosome formation, the unlipidated LC3 (LC3-I, which is diffuse) became conjugated to PE (LC3-II, the lipidated form that associates with punctate autophagic structures). In VAPA/B double-knockdown (KD) cells, levels of LC3-I and p62 were dramatically increased ( Figure 1A) . The LC3 mRNA levels remained unchanged ( Figure S1A ). Single KD of either VAPA or VAPB causes mild autophagy defects ( Figure S1B ). The conversion of LC3-I to LC3-II serves as an assay to determine autophagic flux and the step of autophagosome formation that is affected [30] . A decrease in the LC3-II/LC3-I ratio suggests an impairment of IM formation, while an increase suggests that autophagy activity is elevated or blocked at a step downstream of IM initiation (e.g., progression of IMs into autophagosomes or formation and/or function of autolysosomes). In VAPA/B double-KD cells, the ratio of LC3-II/LC3-I was greatly decreased ( Figure 1A ). LC3-II levels were lower in VAPA/B KD cells than in controls after treatment with the autophagosome-lysosome fusion inhibitor bafilomycin A1 ( Figure S1C ), which is consistent with impaired autophagosome formation. Levels of spliced Xbp-1 mRNA remained unchanged, while levels of p-eIF2a and p-IRE1 were slightly increased, suggesting that VAPA/B KD causes mild ER stress ( Figures S1D and S1E ). ER stress promotes, but does not inhibit, autophagy activity [31] . These results suggest that depletion of VAPA/B impairs autophagosome formation at the initiation step.
Depletion of VAPA/B Impairs the Progression of IMs into Autophagosomes
We next determined at which step autophagy is affected in VAPA/B KD cells. Autophagy occurs in a stepwise manner, involving formation of omegasomes and IMs, autophagosome maturation, and formation of autolysosomes [17] . FIP200, ULK1, and DFCP1 form puncta upon autophagy induction (Figures 1B, 1E , S1F, S1H, and S1J). LC3-labeled IMs associate with ER-localized FIP200, ULK1, and DFCP1, while closed autophagosomes detach from the ER and are separable from these puncta. Compared to control cells, the percentage of LC3 puncta colocalized with FIP200, ULK1, and DFCP1 puncta was decreased in VAPA/B KD cells ( Figures 1B-1F and S1F-S1L).
The decreased colocalization in VAPA/B KD cells could be explained by slower progression from the formation of FIP200/ ULK1/DFCP1 puncta to the formation of LC3 labeled-IMs, or by faster autophagosome biogenesis. We tested these two possibilities. In control cells, ratios of LC3-II/LC3-I and levels of lipidated LC3 dramatically increased after 1 hr of starvation and decreased after 2 hr of starvation. In VAPA/B KD cells, the (E and F) After 1 hr of starvation, the colocalization of LC3 puncta with GFP-DFCP1 dots is decreased after VAPA/B KD (F), compared to ctrl COS7 cells (E). Scale bars in (B), (C), (E), and (F), 5 mm; insets, 2 mm. (legend continued on next page) dynamic changes in the ratios of LC3-II/LC3-I, levels of LC3-II, and degradation of p62 were delayed by VAPA/B KD ( Figure 1G ). We further examined the expression of a tandem GFP-RFP-LC3 reporter at different time points during starvation in control and VAPA/B KD cells. The GFP fluorescence signal is quenched in acidified compartments. Thus, IMs and immature autophagosomes are visible as yellow puncta, while red-only puncta represent acidified autolysosomal structures [32] . We found that after 4 hr of starvation, fewer red-only puncta were formed in VAPA/B KD cells than in control cells ( Figures 1H-1N ). Together, these results indicate that the progression of IMs to completed autophagosomes is slowed down by VAPA/B depletion.
Ultrastructural analysis showed that after 1 hr of starvation or bafilomycin A1 treatment, fewer autophagosomes were formed in VAPA/B KD cells than in control cells ( Figures 1O-1S ), indicating that VAPA/B play an important role in normal autophagosome formation. Under normal conditions, lysosomal structures containing heterogeneous electron-dense contents, possibly endolysosomes, dramatically accumulated in VAPA/B KD cells (Figures S1M-S1O), suggesting that depletion of VAPA/B may impair lysosomal function.
VAPA/B Are Recruited to Autophagosome Formation Sites on the ER upon Autophagy Induction
We determined whether VAPA/B are recruited to autophagosome formation sites. Upon autophagy induction, ATG proteins are recruited in a hierarchical order for autophagosome formation [27] . When autophagy is induced by starvation in control cells, a proportion of the LC3 puncta (representing IMs) are associated with ER-localized autophagy proteins, including DFCP1, while LC3-labeled autophagic structures, including autophagosomes, amphisomes, and autolysosomes, are separable from the ER. We found that, upon autophagy induction, VAPA/B formed distinct puncta. A subset of LC3 and DFCP1 puncta was positive for VAPA/B (Figures 2B, 2E, S2A, and S2D), but not for the general ER-localized protein CANX (Figure 2A ). Some LC3 and DFCP1 puncta were negative for VAPA/B. Time-lapse analysis showed that DFCP1 puncta associated with VAPA/B-positive sites ( Figures 2H and S2K) .
Loss of function of EPG-3/VMP1 impairs autophagosome formation and causes stable association of the IM with the ER [29] . In VMP1 KO cells, more VAPA/B puncta accumulated at DFCP1/ LC3-positive dots ( Figures 2C, 2D , 2F, 2G, S2B, S2C, and S2E-S2J). Endogenous VAPA/B also condensed at the LC3-positive structures in VMP1 KO cells (Figures S2G-S2J ).
VAPA/B Interact with ULK1 and FIP200
We investigated whether VAPA/B directly bind to ATG proteins. GFP-VAPA/B specifically precipitated endogenous ULK1 in coimmunoprecipitation (coIP) assays ( Figure 3A) . Endogenous VAPA was co-immunoprecipitated by GFP-ULK1 ( Figure 4C ), and endogenous FIP200 was precipitated by endogenous VAPA ( Figure 3B ). Interaction of ULK1 and FIP200 with VAPA/B was dramatically increased in VMP1 KO cells ( Figures 3B, 3C , and S3A-S3C). No interactions of VAPA/B with endogenous ATG14, VPS34, and ATG16L were detected in GFP-trap assays ( Figures 3A and S3D-S3G) . Thus, VAPs interact with the ULK1/ FIP200 complex. FIP200 acts at the most upstream step in recruiting other ATG proteins to autophagosome formation sites [22, 27, 33] . Enrichment of VAPA/B at the autophagosome formation sites could be due to interaction with FIP200. To test this, we examined the recruitment of VAPA/B to autophagosome formation sites in VMP1 KO cells. Coexpression of mCherry-FIP200 significantly increased the enrichment of VAPA/B at the FIP200-labeled autophagosome formation sites ( Figures 3D, 3E , 3G, S4A, S4B, and S4D), and this increase was attenuated by treatment with the PI(3)P kinase inhibitor wortmannin ( Figures 3E-3G and S4B-S4D ). The yeast VAP homologs Scs2/Scs22 bind to PIP monophosphates [34] . The major sperm protein (MSP) domain in VAPA bound to PI(3)P, PI(4)P, and PI(5)P in PIP strip assays ( Figure S4E ). These results suggest that binding to PI(3)P also contributes to the recruitment/stabilization of VAPA/B to autophagosome formation sites.
VAPA/B Interact with ULK1 and FIP200 via Their FFAT Motifs VAPs interact with the FFAT motif in target proteins [35] . Lysine 94 (K94) and methionine 96 (M96) in VAPA (K87 and M89 in VAPB) are essential for binding to the FFAT motif in interacting proteins [35] . Mutant VAPA(K94D M96D) and VAPB(K87D M89D) interacted very weakly with ULK1 in coIP assays ( Figures  4A and S5A) . Two potential FFAT-like motifs were identified in ULK1 ( Figure 4B ). We generated mutant ULK1 containing single or double mutations of the key residues F81 and Y94 in these motifs. Binding of ULK1 to endogenous VAPA was reduced by the F81A mutation and abolished by the Y94A mutation and the F81A Y94A double mutation ( Figure 4C ). Binding of VAPA(K94D M96D) to FIP200 was dramatically reduced (Figure 4D ). FIP200 is also predicted to contain two weak FFATlike motifs [36] (Figure 4E ). Binding of FIP200 to endogenous VAPA was slightly reduced by the Y213A mutation and greatly reduced by F732A ( Figure 4F ).
We further investigated whether VAPA/B-binding-deficient mutants of FIP200 and ULK1 are functional. ULK1 KO and FIP200 KD caused decreased ratios of LC3-II/I and elevated levels of LC3-I. These defects were rescued by RNAi-insensitive wild-type ULK1 and FIP200 ( Figures S5B and S5C ). However, mutant ULK1 and FIP200 with mutations in the FFAT motif showed reduced rescuing activity in ULK1 KO and FIP200 KD cells, respectively ( Figures S5B and S5C ).
VAPA/B Stabilize the ULK1/FIP200 Complex at the Autophagosome Formation Sites
The role of VAPA/B in the formation of ULK1 and FIP200 puncta was examined. In VAPA/B KD cells, the formation of ULK1 puncta, detected by antibody and reporter analyses, was dramatically reduced (Figures 5A, 5B, S5D , and S5E). The (H) A DFCP1 punctum emerges from a VAPA-positive site on the ER. WT COS7 cells cotransfected with DFCP1-RFP and GFP-VAPA were starved and subjected to live-cell imaging. Among 20 DFCP1 puncta examined, 35 .0% form at, while 25% are close to, VAPA-positive sites. 35% of DFCP1 puncta are formed on the ER and then transiently interact with VAPA-positive sites. Scale bars, 1 mm. See also Figure S2 . number of FIP200 dots was also slightly decreased, although not significantly ( Figures 5C, 5D , S5F, and S5G). We further examined the puncta formed by the VAPA/B-binding-defective ULK1 and FIP200 mutants under autophagy induction conditions. Mutant ULK1 forms far fewer puncta under starvation conditions ( Figures 5E and 5F ), while formation of mutant FIP200 puncta was not affected (Figures 5G and 5H ). This suggests that VAPs contribute to the association of ULK1 to the ER-localized autophagosome formation sites.
FIP200 recruits ULK1 to the ER [22, 27] . In FIP200 KD cells, the ULK1/GFP-VAPA interaction was almost completely abolished in a coIP assay ( Figure 5I ). The interaction of FIP200 with VAPA/B, however, showed no obvious difference in ULK1 KO cells ( Figures 5J and S5H) . These results indicate that the interaction of ULK1 with VAPA/B is dependent on FIP200. The interaction of ULK1 with FIP200 was reduced in VAPA/B KD cells ( Figure 5K ). Thus, VAPA/B contribute to the stabilization of the ULK1/FIP200 complex.
ATG13, a component of the ULK1 complex, transiently associates with the autophagosome formation sites [37] . Compared to control cells, neither the formation of ATG13 puncta nor their colocalization with LC3-positive structures was affected in siVAPA/B cells (Figures S5I-S5L) . No typical FFAT motif is found in ATG13. VAPA, but not VAPB, was precipitated by GFP-ATG13 (Figures S5M and S5N) . The interactions of ATG13 with FIP200 and ULK1 were not reduced by VAPA/B KD ( Figure S5L ). Thus, ATG13 may not directly interact with VAPs on the ER.
VAPA/B Interact with WIPI2 to Mediate ER/IM Contact WIPI2 associates with omegasomes/IMs but not with mature autophagosomes [38] . The interaction of WIPI2 with ULK1/FIP200 . The accumulation of GFP-VAPA is increased by cotransfection with mCherry-FIP200 (E) and attenuated by wortmannin treatment (F) . (G) shows quantification of the ratio of the fluorescence intensity of GFP-VAPA at the LC3/mCherry-FIP200-positive puncta to the total GFP-VAPA intensity in the cell. The value was set to 1 for VAPA at the LC3 puncta (detected by anti-LC3), and this value was then used to normalize the fluorescence intensity of VAPA at the FIP200 sites. Mean ± SD is shown (D), n = 37 puncta from 10 cells; (E) n = 40 puncta from 10 cells; (F) n = 37 puncta from 10 cells) in (G). Scale bars, 5 mm; inset, 2 mm. See also Figures S3 and S4. has been shown to contribute to the formation of ER/IM contacts [29] . In coIP assays, endogenous WIPI2 was co-immunoprecipitated by GFP-VAPA/B (Figures 3A and 6A) . In VMP1 KO cells, the interactions of WIPI2 with VAPA/B were dramatically increased ( Figures 6B and S6A ). Mutant VAPA(K94D M96D) exhibited reduced binding to WIPI2 ( Figure 6A ).
We determined whether depletion of VAPA/B affects the interaction of WIPI2 with FIP200/ULK1. Levels of endogenous FIP200 precipitated by WIPI2-GFP were dramatically decreased in VAPA/B KD cells in GFP-trap assays ( Figure 6C ). ULK1-GFP also precipitated much less endogenous WIPI2 in VAPA/B KD cells ( Figure S6B ). These results suggest that VAPA/B contributes to the stability of the interaction between WIPI2 and the ULK1/FIP200 complex.
An ALS-Associated VAPB Mutation Impairs Autophagy
The P56S mutation in VAPB is linked to a dominantly inherited form of amyotrophic lateral sclerosis, ALS8 [39] . We examined the effect of the VAPB(P56S) mutation on autophagy. Overexpression of VAPB(P56S) evidently increased levels of LC3-I and p62, indicating a blockage at an early step of autophagic flux similar to that in VAPA/B KD cells ( Figure 7A ). The percentage of LC3 puncta positive for FIP200 and DFCP1 puncta was decreased in cells overexpressing VAPB(P56S), compared to cells overexpressing WT VAPB (Figures 7B-7F ). These phenotypes resemble those in VAPA/B KD cells.
We also determined the interaction of VAPB(P56S) with FIP200 and ULK1. Levels of VAPB(P56S) co-immunoprecipitated by ULK1-GFP and GFP-FIP200 were dramatically increased compared to WT VAPB ( Figures 7G and 7H) . Levels of endogenous FIP200 co-immunoprecipitated by ULK1 were significantly reduced by expression of VAPB(P56S) ( Figure 7G ). These results indicate that the ALS-associated VAPB(P56S) mutation impairs autophagy, possibly by affecting ULK1/FIP200 binding.
DISCUSSION
VAPA/B Interact with Multiple ATG Proteins for Autophagosome Formation VAPA and VAPB interact with different tethers to mediate the formation of distinct ER contacts and participate in diverse physiological processes [3] [4] [5] . Here, we showed that VAPs interact with multiple ATG proteins to mediate ER/IM contact for autophagosome initiation/formation ( Figure 7I ). Upon autophagy induction, VAPs are recruited to autophagosome formation sites on the ER, a process that appears to be mediated by their interactions with FIP200 and PI(3)P. VAPs directly interact with FIP200 and ULK1 via their conserved FFAT motifs. Depletion of VAPs results in weaker association of FIP200 with ULK1. The formation of ULK1 puncta, but not FIP200 puncta, is reduced by depletion of VAPs or by mutations abolishing VAP binding. Therefore, binding of VAPs contributes to the recruitment and/or stabilization of ULK1 at the FIP200 puncta.
Loss of function of autophagy genes acting at distinct steps of autophagy causes differential changes in the levels of lipidated VAPs also interact with WIPI2, which transiently associates with the IM. The interaction of WIPI2 with ULK1/FIP200, which tethers the ER with the IM [29] , is reduced by loss of VAPs. In contrast, loss of function of EPG-3/VMP1, which stabilizes the association of the ER with IMs [29] , dramatically increases the interactions of VAPs with ULK1, FIP200, and WIPI2. Thus, VAPs interact with ULK1/FIP200 and WIPI2 to participate in formation and/or stabilization of the ER/IM contact for autophagosome formation. VAPA/B depletion causes weaker autophagy defects than depletion of Atg genes, indicating that other complexes are involved in tethering ER/IM contacts. VAPs also participate in lipid transfer between the ER and other organelles. It is possible that disturbed lipid metabolism also contributes to the autophagy defect caused by VAPA/B depletion.
The ALS-associated VAPB(P56S) mutant protein accumulates into inclusion bodies (IBs) in the ER, induces ER stress, and elicits an unfolded protein response (UPR) [40, 41] . The P56S mutation has been suggested to perturb FFAT motif binding [42] . However, VAPB(P56S) exhibits an elevated interaction with ULK1/FIP200, which could result from trapping of wild-type VAPA and VAPB by VAPB(P56S) [41, 42] . VAPB(P56S) also displays increased binding to PTPIP51 [43] . The VAPB(P56S) mutation inhibits autophagy by reducing the ULK1/FIP200 interaction. Impaired autophagic function contributes to the onset and progression of neurodegeneration [44] . The autophagy defect may be one of the mechanisms underlying the pathogenesis of VAPA(P56S)-associated ALS.
ER Contacts with Other Membranes Also Modulate Autophagy Activity
Formation of ER contacts with other membranes also regulates autophagy activity. The ER/PM contact mediated by extended synaptotagmins (E-Syts) promotes synthesis of autophagyassociated PI(3)P and facilitates autophagosome biogenesis [45, 46] . The ER/mitochondrion contact formed by the IP3R/ VDAC complex mediates Ca 2+ transfer from the ER to mitochondria, which is required for maintenance of mitochondrial bioenergetics [47] . IP3R or VDAC inhibition reduces cellular ATP and results in autophagy induction via an AMPK-dependent mechanism [47] . VAPs participate in tethering the ER with multiple membranes by interacting with a diversity of proteins [2, 3, 6] . Depletion of VAPs thus causes pleiotropic defects that may impact autophagy at distinct steps. The interaction of VAPB with PTPIP51 (an outer mitochondrial membrane protein) promotes IP3R/ VDAC1-mediated ER/mitochondrion contacts for Ca 2+ delivery [43, 48] . Loss of VAPB or PTPIP51 reduces IP3R/VDAC interaction and thus stimulates autophagy by modulating mitochondrial Ca 2+ uptake [48] . This negative effect of VAPB on autophagy depends on the nature of the autophagic stimulus [48] . ER/ mitochondrion contacts have also been shown to act as sites for autophagosome biogenesis [21] . Thus, the extent of disruption of the ER/mitochondrion contacts may determine the outcome of autophagy regulation. VAPs directly interact with amphisomal/autolysosomal-localized ORP1L under low-cholesterol conditions that impair dynein-mediated transport and also prevent the binding of PLEKHM1 for fusion of amphisomes with LEs/lysosomes [25] . The lysosomal function appears to be impaired in VAPA/B-depleted cells, resulting in accumulation of lysosomal structures. Cathepsin D processing is attenuated in VAP-depleted cells due to impaired protein transport from the Golgi to the endosome/lysosome [13] . Depletion of VAPs also increases PI(4)P on endosomes and affects endosome-toGolgi trafficking, resulting in higher levels of trans-Golgi proteins on endosomes, including CI-MPR, which is involved in delivery of newly synthesized lysosome hydrolases from the Golgi complex to pre-lysosome compartments [11] . Here, we showed that loss of VAPA/B mainly affects the early step of autophagosome formation. The defect in autophagosome maturation may become evident under specific conditions such as low-cholesterol levels, which induce VAPA/ORP1L interaction [25] . Our results demonstrate that VAPA and VAPB directly interact with multiple ATG proteins to mediate the ER/IM contact required for autophagosome formation in higher eukaryotes.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: the GFP fragment of GFP-FIP200 with mCherry. GFP-FIP200(Y213A), GFP-FIP200(F732A) and GFP-FIP200(Y213A F732A) were generated by PCR-based mutagenesis from GFP-FIP200. RFP-GFP-LC3 was kindly provided by Dr. Tamotsu Yoshimori (Osaka University). GFP-FIP200 was kindly provided by Dr. Noboru Mizushima (University of Tokyo).
DECLARATION OF INTERESTS
Transfection and RNA interference Lipofectamine 2000 (12566014, Life Technologies) was used for transient transfection of plasmids. For siRNA interference, cells were transfected using Lipofectamine RNAi MAX (13778150, Life Technologies) and cultured for 3 days before analysis. siRNA oligos were synthesized by GenePharma. The following siRNAs were used:
Immunostaining assays Cells for immunostaining were grown on coverslips. After harvesting, cells were washed with PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ) and fixed with 4% PFA for 20 min at room temperature. Then cells were permeabilized using 10 mg/ml digitonin (D141, Sigma) for 15 min, blocked with 5% goat serum for 60 min and incubated with diluted primary antibodies overnight at 4 C. After washes with PBS, cells were stained with fluorescently-conjugated secondary antibodies for another 1 h at room temperature, and examined under a confocal microscope (LSM 710 Meta plus Zeiss Axiovert zoom, Zeiss) equipped with a 63 3 /1.40 objective lens (Plan-Apochromatlan, Zeiss) and a CCD (Axiocam HRm, Zeiss).
Immunoblotting assays
Cells were washed with PBS, and then lysed with ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with protease inhibitor cocktail (B14001, Biotool). After incubation on ice for 30 min, homogenates were centrifuged at 13,000 rpm for 10 min at 4 C. Supernatants were resolved by SDS-PAGE electrophoresis and transferred to a PVDF membrane. Blots were detected using indicated antibodies.
Immunoprecipitation assays
After 2436 h transfection with the indicated plasmids, cells were lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail). Lysates were centrifuged at 13,000 rpm for 10 min at 4 C and pellets were removed. Supernatants were incubated with GFP-Trap agarose beads (gta-20, ChromoTek) for 1 h at 4 C with gentle rocking. After washing 4 times with lysis buffer, beads were boiled with SDS sample buffer. Proteins of interest were analyzed by immunoblotting.
Protein expression and purification A VAPA fragment encoding the MSP domain (aa 1-134) was PCR-amplified and cloned into the pGEX-6P-1 vector to produce GSTtag-fused recombinant protein. This protein was expressed in Escherichia coli BL21-CodenPlus (DE3) and purified on glutathione Sepharose 4B beads (17-0756-05, GE Healthcare). After extensive washing, the proteins were eluted with PBS buffer with 10 mM GSH. The eluted proteins were loaded onto a desalting column (17-0851-01, GE Healthcare) and finally eluted with a buffer containing 20 mM HEPES (pH 8.0) and 400 mM NaCl.
Phospholipid-protein overlay assay PIP Strips (P-6001, Echelon) were blocked with 3% non-fat dried milk in PBS buffer for 1 h at room temperature, and then incubated with the purified MSP domain of VAPA proteins (0.01 mg/ml) in blocking buffer at 4 C overnight. Next, membranes were washed 3 times with PBS and the signals were detected following normal immunoblotting procedures.
Electron microscopy
Cells were harvested by trypsinization, fixed with 2.5% glutaraldehyde in PBS overnight at 4 C, then post-fixed with 1% OsO 4 and 0.05% potassium ferrocyanide for 45 min. After washing with distilled water, cells were incubated with thiocarbohydrazide (TCH) solution for 30 min at room temperature, then washed in distilled water again and incubated with 1% OsO 4 for 45 min at room temperature. Cells were further dehydrated with a graded series of alcohol solutions and embedded in epoxy resin. Samples were cut into 80 nm ultrathin sections and stained with uranyl acetate and lead citrate. The sections were examined using a 120 kV electron microscope (H-7650B, Hitachi) at 80 kV and images were recorded with an AMT CCD camera (XR-41) using DigitalMicrograph software.
Live-cell imaging Cells were grown on glass bottom dishes (801001, NEST). 24 h after transfection with indicated plasmids, cells were starved with DMEM without amino acids. Live cell images were captured at 37 C with 5% CO 2 using a 100 3 objective (CFI Plan Apochromat Lambda, NA 1.45, Nikon) with immersion oil on an inverted fluorescence microscope (Eclipse Ti-E, Nikon) with a spinning-disk confocal scanner unit (UltraView, PerkinElmer). Images were taken every 30 s for 2 h and further analyzed with Volocity software (PerkinElmer).
QUANTIFICATION AND STATISTICAL ANALYSIS
Immunoblotting and coIP results are representatives of at least three independent experiments. Sample size with adequate statistical power was determined by preliminary experiments. No specific randomization method was applied. The investigators were not blinded. The cells or pictures for analysis were randomly captured. Dead or unhealthy cells were excluded. N values are shown in the Figure Legends. Levene's test was performed to test the equality of variance of data from different groups. The Shapiro and Wilk test was performed to test the normality of the data. All statistical analysis was conducted using GraphPad Prism software. Statistical significance was performed by unpaired t test for single comparisons and one-way ANOVA analysis for multiple comparisons. A P value < 0.05 was considered statistically significant.
